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ABSTRACT
In this paper, we present collision strengths and Maxwellian averaged effective collision strengths for the electron-
impact excitation of Ni ii. Attention is expressly concentrated on the optically allowed fine-structure transitions
between the 3d9, 3d84s, and 3d74s2 even parity levels and the 3d84p and 3d74s 4p odd parity levels. The
parallel RMATRXII R-matrix package has been recently extended to allow for the inclusion of relativistic fine-
structure effects. This suite of codes has been utilized in conjunction with the parallel PSTGF and PSTGICF
programs in order to compute converged total collision strengths for the allowed transitions with which this study
is concerned. All 113 LS terms identified with the 3d9, 3d84s, 3d74s2, 3d84p, and 3d74s 4p basis configurations
were included in the target wavefunction representation, giving rise to a sophisticated 295 jj -level, 1930 coupled
channel scattering complex. Maxwellian averaged effective collision strengths have been computed at 30 individual
electron temperatures ranging from 30 to 1,000,000 K. This range comfortably encompasses all temperatures
significant to astrophysical and plasma applications. The convergence of the collision strengths is exhaustively
investigated and comparisons are made with previous theoretical works, where significant discrepancies exist for
the majority of transitions. We conclude that intrinsic in achieving converged collision strengths and thus effective
collision strengths for the allowed transitions is the combined inclusion of contributions from the (N + 1) partial
waves extending to a total angular momentum value of L = 50 and further contributions from even higher partial
waves accomplished by employing a “top-up” procedure.
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1. INTRODUCTION
The study of astrophysics is governed by observation rather
than experiment. In the present era of scientific discovery, state-
of-the-art research facilities are enabling astronomers to ac-
quire astrophysical images and spectra of exceptional quality
and quantity over a broad spectral range. Absorption and emis-
sion lines of Ni ii, the first ion of the heaviest and second most
abundant iron-peak element, are commonly observed in neb-
ular spectroscopy. A wealth of observations of this species
have been identified in the spectra of a myriad of astronom-
ical sources at all wavelengths ranging from the infrared to
the ultraviolet. For example, spectra of the peculiar metal-rich
star HD 135485 between 3793 Å and 6913 Å revealed absorp-
tion lines attributed to a number of metallic species including
Ni ii (Trundle et al. 2001). Local thermodynamic equilibrium
absolute and differential abundances were presented for each
ion identified in the spectrum of HD 135485 and used to de-
duce the chemical composition and evolutionary process of
this mid-B-type star. Recent Space Telescope Imaging Spectro-
graph (STIS) observations of the strontium filament, a largely
neutral emission nebulosity lying close to the luminous blue
variable symbiotic star η Carinae, have revealed an uncommon
spectrum of over 600 emission lines, including allowed Ni ii
contributions (Hartman et al. 2004). Almost 350 weak emis-
sion features, mostly associated with allowed transitions from
high-excitation states of first ions, were identified in the opti-
cal and near-infrared spectral region of the chemically peculiar
He-weak star 3 Cen A (HD 120709; Wahlgren & Hubrig 2004).
Prominent among these features was the Ni ii spectra. The more
recent work of Vreeswijk et al. (2007) presents high-resolution
spectroscopic observations of the γ -ray burst GRB 060418 be-
tween 3300 Å and 6700 Å, obtained with Very Large Telescope/
UVES. These spectra show clear evidence for time variability of
allowed transitions involving metastable levels of Ni ii. This is
the first report of absorption lines arising from metastable levels
of Ni ii along any GRB sightline. In addition, the observations
of Ve´ron-Cetty et al. (2006) have shown that the spectrum of the
narrow-line Seyfert galaxy IRAS 07598+6508 is dominated by
lines of the iron-peak elements including Ni ii. High-resolution
spectroscopic observations, both UV Hubble Space Telescope/
STIS and optical, were used to characterize the physical state
and velocity structure of the multiphase interstellar medium seen
toward the nearby star HD 102065 (Nehme´ et al. 2008). Four
groups of species were identified including lowly ionized states
of atoms such as Ni ii. Fossati et al. (2009) analyzed abundances
of Ni, including lines of the first ion, using a vast amount of
spectral lines observed in three slowly rotating early-type stars,
namely HD 145788, 21 Peg, and π Cet. Most recently, Fynbo
et al. (2010) measured metallicities from Ni ii after detecting ab-
sorption lines from this ion in the spectrum of the quasi-stellar
object Q2222-0946. This synopsis of the vibrant observational
enterprises of the past decade actualizes the prominence of Ni ii
in the astronomical environment and emphasizes its fundamen-
tal importance to our comprehension of star formation, stellar
structure, and the early universe. In order to facilitate the mean-
ingful interpretation of these observations, an ability to properly
understand and meticulously model these spectra is paramount.
The provision of accurate and extensive atomic data, both col-
lisional and radiative, is therefore indispensable to the aggre-
gate observational and theoretical effort of determining a reli-
able spectral synthesis. These data constitute the infrastructure
of our quantitative knowledge of the universe. While some of
these data can be obtained experimentally, they are frequently
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of insufficient accuracy or limited to a small number of tran-
sitions. Computational approaches therefore represent the only
means by which atomic data of the required quality and quantity
can be provided.
Within the past three decades, a number of theoretical
works investigating the electron-impact excitation of Ni ii have
emerged, highlighting the unwavering demand for accurate col-
lisional data for this ion. An early calculation by Nussbaumer
& Storey (1982) reported the first computation of electron ex-
citation rates for Ni ii. This was later superseded by the works
of Bautista & Pradhan (1996), Watts et al. (1996), and Bautista
(2004), each calculation gradually increasing in sophistication
simultaneously with the development of more powerful com-
puting resources. To date, the most reliable and extensive set of
collisional data for Ni ii has been calculated by Cassidy et al.
(2010). This computation transcends antecedent theoretical ef-
forts by retaining all 113 LS terms identified with the five Ni ii
basis configurations, specifically 3d9, 3d84s, 3d74s2, 3d84p,
and 3d74s 4p, including all doublet, quartet, and sextet terms
in the ionic target representation. This corresponds to a sub-
stantial 295 jj -level, 1930 coupled channel scattering com-
plex, involving a total of 43,365 individual transitions. In the
work of Cassidy et al. (2010), the authors concentrated specif-
ically on the 153 low-lying forbidden fine-structure transitions
between the energetically lowest 18 levels of Ni ii associated
with the 3d9, 3d84s, and 3d74s2 even parity basis configura-
tions. It has been well established that convergence of these
transitions, analogous to other forbidden transitions, is much
more accelerated than for allowed transitions. Cassidy et al.
(2010) concluded that the electron-impact excitation of Ni ii for
low-lying forbidden transitions is sufficiently described by the
inclusion of partial wave contributions with total angular mo-
mentum L  15 (J  12), with contributions to the collision
strengths of these transitions from each of the Jπ partial waves
having fully converged before the aforementioned total angular
momentum value is reached. In contrast to the forbidden tran-
sitions, convergence of the allowed lines is significantly slower
and accordingly they necessitate further endeavor in order to
achieve suitably converged collision strengths. This slow con-
vergence is directly attributable to the additional contributions
to the total collision strength for optically allowed dipole transi-
tions which come from large values of incident electron angular
momenta, larger values than would be considered within a full
exchange evaluation. In order to adequately account for these
supplementary contributions, the initial exchange calculation in-
corporating all partial waves with total angular momentaL  15
(J  12) must be augmented with a non-exchange calculation
incorporating contributions from higher partial waves, followed
by a “top-up” procedure to complete the summation of partial
collision strengths over yet higher values of L.
There is currently a paucity of reliable atomic data for
dipole allowed transitions among fine-structure levels of Ni ii.
This dearth is directly attributable to the complexity of the
open 3d shell of the ionic target—a universal problem when
considering iron-peak elements. In the present theoretical effort,
we hope to enhance the framework of spectroscopic astrophysics
by concentrating expressly on the computation of converged
total collision strengths and corresponding effective collision
strengths for the optically allowed transitions between the 3d9,
3d84s and 3d74s2 even parity levels and the 3d84p and 3d74s 4p
odd parity levels.
This paper is structured as follows. The following section
describes the specifics of the atomic calculation. Section 3 is
devoted to conveying a graphical and quantitative synopsis of
the results and comparisons are made with previous theoret-
ical works where possible. The convergence of the collision
strengths is exhaustively investigated. Finally, conclusions are
inferred in Section 4.
2. ATOMIC CALCULATIONS
The theoretical target model adopted in the present calculation
has been comprehensively discussed by Cassidy et al. (2010) and
thus we present only a brief summary for current purposes. All
113 LS terms identified with the five basis configurations 3d9,
3d84s, 3d74s2, 3d84p, and 3d74s 4p were included in the target
wavefunction expansions, retaining all doublet, quartet, and sex-
tet terms. These target states were optimally represented using
conventional configuration interaction (CI) type wavefunctions.
The orbital set comprised nine orthogonal one-electron func-
tions, specifically eight spectroscopic (1s, 2s, 2p, 3s, 3p, 3d,
4s, 4p), in addition to one non-physical 4d pseudo-orbital in-
cluded to represent additional electron correlation effects. The
theoretical target state energies have been discussed in detail
in the works of Cassidy et al. (2010). In the present collision
calculation, the energies of the spectroscopic target states were
shifted during diagonalization of the Hamiltonian in order to
bring them into line with the experimental thresholds indicated
by the NIST databank.
The parallel RMATRXII R-matrix package (Burke et al.
1994) was utilized in conjunction with the parallel PSTGF pro-
gram (Ballance & Griffin 2004) to compute the total electron-
impact excitation collision strengths for all fine-structure tran-
sitions considered in this study. The former suite of codes was
used to complete the R-matrix inner region calculation in LS
coupling. The resulting Hamiltonian matrices were then trans-
formed toJπ coupling using the program FINE, and the external
region calculation carried out using PSTGF (see Cassidy et al.
2010 for a detailed discussion). The collision strengths com-
puted in the present work have been evaluated over a very fine
mesh of incident electron-impact energies, in order to ensure the
explicit delineation of the intricate resonance structures which
are found to dominate the low-energy scattering region and
converge to the target state thresholds. Approximately 12,000
individual energy points were considered in this resonance re-
gion. We note that convergence of the collision strengths with
decreasing mesh spacing was thoroughly tested. The (N + 1)
symmetries were established by considering all total angular
momenta L  15 (J  12). The coupling of the incident elec-
tron to the doublet, quartet, and sextet target spin symmetries
yields singlet, triplet, quintet, and septet (N + 1) multiplicities.
Considering both even and odd parities, a total of 128 indepen-
dent (N + 1)-electron symmetry full exchange contributions are
included. This representation proved sufficient in ensuring con-
vergence of the collision strengths for the low-lying optically
forbidden transitions considered by Cassidy et al. (2010). This
full exchange analysis for the 113 LS state, 295 jj -level approx-
imation was augmented with a supplementary non-exchange
calculation comprising contributions from higher partial waves
up to L = 50. This non-exchange calculation was performed
using the parallel intermediate-coupling frame transformation
PSTGICF external region package of Griffin et al. (1998). A
very coarse mesh of incident impact energies was employed
across the entire external region as such high values of L would
be devoid of any resonance activity. As a direct consequence
of the long-range nature of the Coulomb potential, a further
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contribution to the dipole allowed transitions arises from even
higher partial waves. This top-up contribution is accounted for
by employing physically viable extrapolation techniques which
have been incorporated into the PSTGICF program (Griffin et al.
1998). The top-up contribution to the dipole allowed transitions
is computed using the Burgess sum rule, while a geometric se-
ries is included to calculate the additional contribution to the
long-range non-dipole transitions. In this way, converged total
collision strengths were generated for all 43,365 transitions, both
allowed and forbidden, for the electron-impact energy range of
interest from 0 to 10 Ryd. The corresponding Maxwellian av-
eraged effective collision strengths have been acquired by aver-
aging the finely resolved collision strengths over a Maxwellian
distribution of electron velocities. These thermally averaged ef-
fective collision strengths have been computed at 30 individual
electron temperatures ranging from 30 to 1,000,000 K. We note
that the temperature of maximum abundance for Ni ii in ioniza-
tion equilibrium is log Te(K) = 4.1 (Mazzotta et al. 1998), and
hence the considered range is more than sufficient to encompass
all temperatures significant to diverse astrophysical and plasma
applications. It is important to consider a large range of high
temperatures in order to properly emphasize the effects in the
high-temperature region attributed to the explicit inclusion of
high-order partial waves.
3. RESULTS AND DISCUSSION
Aspiring to investigate the effects of high partial wave con-
tributions at high energies and necessarily, high temperatures,
and simultaneously to assess the convergence of the collision
strengths for the dipole allowed transitions in the high-energy
region, we present a synoptic evaluation of the results obtained
following the non-exchange and top-up calculations. Attention
is concentrated on the allowed transitions for which additional
contributions from high partial waves have the most sizeable
effect at high energies and subsequently high temperatures.
The effective collision strengths are compared with the rates
of Bautista (2004). It is pertinent to remark that these data were
not published however and have been obtained directly from
the author to facilitate a comparative analysis. We note that the
transitions are labeled according to the index values assigned to
each level in Table 1.
In Figure 1, we present the collision strength as a function of
incident electron energy in Rydbergs for the low-lying allowed
transition from the ground state, 3d9 2D5/2, to the odd par-
ity excited state, 3d8(3F )4p 2Do5/2 (index 1–37). Comparisons
are made between the collision strengths as determined from the
preliminary exchange calculation incorporating all partial waves
up to and including a total angular momentum of L = 15, the
exchange calculation augmented with the non-exchange calcu-
lation which explicitly includes all partial wave contributions
up to and including L = 50, and additionally the accretion of
the top-up calculation which encompasses contributions from
even higher partial waves. Evidently the collision strength per-
taining to the exchange-only evaluation lies considerably lower
than those obtained from the other calculations across the entire
energy range, thereby emphasizing the significance of includ-
ing the additional contributions from higher partial waves for
these allowed lines. The non-exchange contributions to the to-
tal collision strength begin to have an effect at approximately
0.82 Ryd. The resulting exchange plus non-exchange approxi-
mation appears to accurately represent the collision process up
until approximately 3.6 Ryd. Beyond this energy, the collision
Table 1
Target States Included in the Present Calculation
Index Config. Term 2J Index Config. Term 2J
1 3d9 2D 5 42 3d84p 4P o 1
2 3d9 2D 3 43 3d84p 2F o 5
3 3d84s 4F 9 44 3d74s2 4P 5
4 3d84s 4F 7 45 3d84p 2F o 7
5 3d84s 4F 5 46 3d84p 2Do 3
6 3d84s 4F 3 47 3d74s2 4P 3
7 3d84s 2F 7 48 3d84p 2P o 1
8 3d84s 2F 5 49 3d74s2 4P 1
9 3d84s 4P 5 50 3d84p 2Do 5
10 3d84s 2D 3 51 3d84p 2P o 3
11 3d84s 4P 3 52 3d74s2 2G 9
12 3d84s 4P 1 53 3d84p 4Do 5
13 3d84s 2D 5 54 3d84p 4Do 3
14 3d84s 2P 3 55 3d84p 4Do 1
15 3d84s 2P 1 56 3d84p 4Do 7
16 3d84s 2G 9 57 3d74s2 2G 7
17 3d84s 2G 7 58 3d84p 2Do 5
18 3d74s2 4F 9 59 3d84p 2Do 3
19 3d84p 4Do 7 60 3d84p 2P o 3
20 3d74s2 4F 7 61 3d74s2 2P 3
21 3d84p 4Do 5 62 3d84p 2P o 1
22 3d74s2 4F 5 63 3d74s2 2P 1
23 3d84p 4Go 9 64 3d84s 2S 1
24 3d84p 4Go 11 65 3d84p 2So 1
25 3d74s2 4F 3 66 3d84p 4So 3
26 3d84p 4Do 3 67 3d84p 2H o 9
27 3d84p 4Do 1 68 3d84p 2H o 11
28 3d84p 4Go 7 69 3d84p 2F o 7
29 3d84p 4F o 9 70 3d84p 2F o 5
30 3d84p 4Go 5 71 3d74s2 2H 11
31 3d84p 2Go 9 72 3d74s2 2D 5
32 3d84p 4F o 7 73 3d74s2 2H 9
33 3d84p 4F o 5 74 3d74s2 2D 3
34 3d84p 2Go 7 75 3d84p 2Go 7
35 3d84p 4F o 3 76 3d84p 2Go 9
36 3d84p 2F o 7 77 3d74s 4p 6F o 11
37 3d84p 2Do 5 78 3d74s 4p 6F o 9
38 3d84p 2F o 5 79 3d74s 4p 6F o 7
39 3d84p 2Do 3 80 3d74s 4p 6F o 5
40 3d84p 4P o 5 81 3d74s 4p 6Do 9
41 3d84p 4P o 3 82 3d74s 4p 6Do 5
83 3d74s 4p 6Go 13 124 3d74s 4p 4F o 7
84 3d74s 4p 6F o 3 125 3d74s 4p 4F o 5
85 3d74s 4p 6F o 1 126 3d74s 4p 4Go 11
86 3d74s 4p 6Do 3 127 3d74s 4p 4F o 3
87 3d74s 4p 6Do 7 128 3d74s 4p 4Go 9
88 3d74s 4p 6Do 1 129 3d74s 4p 4Go 5
89 3d74s 4p 6Go 11 130 3d74s 4p 4Go 7
90 3d74s 4p 6Go 9 131 3d74s 4p 4Go 11
91 3d74s 4p 6Go 3 132 3d84p 2P o 1
92 3d74s 4p 6Go 7 133 3d74s 4p 4Go 7
93 3d74s 4p 6Go 5 134 3d74s 4p 4F o 9
94 3d74s2 2F 5 135 3d84p 2P o 3
95 3d74s2 2F 7 136 3d74s 4p 4Go 9
96 3d74s 4p 4F o 9 137 3d74s 4p 4F o 7
97 3d74s 4p 4Go 11 138 3d74s 4p 2F o 5
98 3d74s 4p 4F o 7 139 3d74s 4p 4Go 11
99 3d74s 4p 4Go 9 140 3d74s 4p 2Do 3
100 3d74s 4p 4F o 5 141 3d74s2 2D 3
101 3d74s 4p 4Go 7 142 3d74s 4p 2F o 7
102 3d74s 4p 4F o 3 143 3d74s 4p 4Do 1
103 3d74s 4p 4Go 5 144 3d74s 4p 4Go 5
104 3d74s 4p 4Do 7 145 3d74s 4p 4F o 5
105 3d74s 4p 4Do 5 146 3d74s 4p 4Do 3
106 3d74s 4p 4Do 3 147 3d74s 4p 4Do 5
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Table 1
(Continued)
Index Config. Term 2J Index Config. Term 2J
107 3d74s 4p 4Do 1 148 3d74s 4p 4F o 3
108 3d74s 4p 2Go 9 149 3d74s 4p 4Go 9
109 3d74s 4p 2F o 7 150 3d74s2 2D 5
110 3d74s 4p 2Go 7 151 3d74s 4p 4Go 7
111 3d74s 4p 2F o 5 152 3d74s 4p 4Do 7
112 3d74s 4p 2Do 5 153 3d74s 4p 4Go 5
113 3d74s 4p 2Do 3 154 3d74s 4p 2Do 5
114 3d74s 4p 6Do 7 155 3d74s 4p 4F o 9
115 3d74s 4p 6Do 5 156 3d74s 4p 4F o 5
116 3d74s 4p 6Do 3 157 3d74s 4p 4F o 7
117 3d74s 4p 6Do 1 158 3d74s 4p 4F o 3
118 3d74s 4p 6Do 9 159 3d74s 4p 2I o 11
119 3d74s 4p 4So 3 160 3d74s 4p 2I o 13
120 3d74s 4p 6P o 7 161 3d74s 4p 2Go 9
121 3d74s 4p 6P o 5 162 3d74s 4p 2Go 7
122 3d74s 4p 6P o 3 163 3d74s 4p 2H o 9
123 3d74s 4p 4F o 9 164 3d74s 4p 2H o 11
165 3d74s 4p 4So 3 206 3d74s 4p 4Do 3
166 3d74s 4p 4Do 7 207 3d74s 4p 2H o 9
167 3d74s 4p 4Do 5 208 3d74s 4p 4Do 1
168 3d74s 4p 4Do 3 209 3d74s 4p 2I o 11
169 3d74s 4p 4Do 1 210 3d74s 4p 4So 3
170 3d74s 4p 2H o 11 211 3d74s 4p 4P o 5
171 3d74s 4p 4P o 5 212 3d74s 4p 4P o 3
172 3d74s 4p 4P o 1 213 3d74s 4p 2Go 9
173 3d74s 4p 4P o 3 214 3d74s 4p 4P o 1
174 3d74s 4p 2H o 9 215 3d74s 4p 2Go 7
175 3d74s 4p 4Go 5 216 3d74s 4p 2F o 7
176 3d74s 4p 4Go 7 217 3d74s 4p 2F o 5
177 3d74s 4p 4Go 9 218 3d74s 4p 2Do 5
178 3d74s 4p 2F o 7 219 3d74s 4p 2Do 3
179 3d74s 4p 4F o 3 220 3d74s 4p 2H o 11
180 3d74s 4p 4F o 5 221 3d74s 4p 2H o 9
181 3d74s 4p 2Go 9 222 3d74s 4p 2F o 7
182 3d74s 4p 4F o 7 223 3d74s 4p 2F o 5
183 3d74s 4p 4Go 11 224 3d74s 4p 4Do 7
184 3d74s 4p 4Do 7 225 3d74s 4p 4Do 5
185 3d74s 4p 4F o 9 226 3d74s 4p 4Do 3
186 3d74s 4p 4Do 5 227 3d74s 4p 4Do 1
187 3d74s 4p 4Do 3 228 3d74s 4p 2F o 7
188 3d74s 4p 2F o 5 229 3d74s 4p 2Do 5
189 3d74s 4p 4Do 1 230 3d74s 4p 2F o 5
190 3d74s 4p 2Go 7 231 3d74s 4p 2Do 3
191 3d74s 4p 2Do 5 232 3d74s 4p 4F o 3
192 3d74s 4p 2Do 3 233 3d74s 4p 4F o 5
193 3d74s 4p 2Do 5 234 3d74s 4p 4Do 7
194 3d74s 4p 2Go 7 235 3d74s 4p 4F o 7
195 3d74s 4p 2Go 9 236 3d74s 4p 4Do 5
196 3d74s 4p 4P o 5 237 3d74s 4p 2Do 5
197 3d74s 4p 2Do 3 238 3d74s 4p 4Do 3
198 3d74s 4p 4P o 1 239 3d74s 4p 4F o 9
199 3d74s 4p 4P o 3 240 3d74s 4p 4Do 1
200 3d74s 4p 2Go 7 241 3d74s 4p 2Do 3
201 3d74s 4p 2Go 9 242 3d74s 4p 4P o 5
202 3d74s 4p 4Do 7 243 3d74s 4p 4P o 1
203 3d74s 4p 2H o 11 244 3d74s 4p 4P o 3
204 3d74s 4p 2I o 13 245 3d74s 4p 2Go 7
205 3d74s 4p 4Do 5 246 3d74s 4p 2Go 9
247 3d74s 4p 2F o 5 273 3d74s 4p 4I o 15
248 3d74s 4p 2F o 7 274 3d74s 4p 4I o 13
249 3d74s 4p 2F o 5 275 3d74s 4p 4I o 9
250 3d74s 4p 2Do 3 276 3d74s 4p 2So 1
251 3d74s 4p 2Do 5 277 3d74s 4p 2P o 3
252 3d74s 4p 2F o 7 278 3d74s 4p 2P o 3
253 3d74s 4p 4P o 5 279 3d74s 4p 2P o 1
254 3d74s 4p 4P o 3 280 3d74s 4p 2P o 1
Table 1
(Continued)
Index Config. Term 2J Index Config. Term 2J
255 3d74s 4p 4P o 1 281 3d74s 4p 4H o 13
256 3d74s 4p 2Do 5 282 3d74s 4p 4H o 11
257 3d74s 4p 2Do 3 283 3d74s 4p 4H o 9
258 3d74s 4p 4Do 1 284 3d74s 4p 4H o 7
259 3d74s 4p 4Do 3 285 3d74s 4p 2P o 3
260 3d74s 4p 4Do 5 286 3d74s 4p 2P o 1
261 3d74s 4p 4Do 7 287 3d74s 4p 2P o 3
262 3d74s 4p 6So 5 288 3d74s 4p 2P o 1
263 3d74s 4p 2F o 5 289 3d74s 4p 2So 1
264 3d74s 4p 2F o 7 290 3d74s 4p 2P o 3
265 3d74s 4p 4H o 11 291 3d74s 4p 2P o 1
266 3d74s 4p 4H o 13 292 3d74s 4p 2P o 3
267 3d74s 4p 4H o 9 293 3d74s 4p 2P o 1
268 3d74s 4p 4H o 7 294 3d74s 4p 2P o 1
269 3d74s 4p 2Do 3 295 3d74s 4p 2P o 3
270 3d74s 4p 2Do 5
271 3d74s 4p 2So 1
272 3d74s 4p 4I o 11
Figure 1. Total collision strength for the 3d9 2D5/2–3d8(3F )4p 2Do5/2
fine-structure transition (index 1–37): solid line, present exchange; dashed
line, present exchange+non-exchange; dot-dashed line, present exchange+non-
exchange+top-up.
(A color version of this figure is available in the online journal.)
strength exhibits deviations attributed to the effect of further
contributions emerging from the top-up procedure. These top-
up contributions equate to a 1% difference at 5 Ryd, with an
increase to 5% at 7.5 Ryd and finally a sizeable 12% difference
at the maximum electron-impact energy of 10 Ryd. The com-
bined effect of the non-exchange and top-up contributions on the
corresponding Maxwellian averaged effective collision strength
is demonstrated in Figure 2, where the aforesaid is plotted as a
function of the logarithm of electron temperature. A compari-
son is made between the effective collision strengths computed
using both the exchange-only and exchange plus non-exchange
plus top-up approximations. The rate profiles agree faultlessly
for the majority of temperatures considered. However, in the
high-temperature region ranging from log Te(K) = 4.6–6.0
discernible disparities arise, highlighting the substantial influ-
ence of high partial wave contributions. Differences of approx-
imately 83% are noted at the highest temperature considered,
log Te(K) = 6.0. Although this high-energy region may not
necessarily be significant to Ni ii applications, the importance
4
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Figure 2. Effective collision strength as a function of the logarithm of electron
temperature in Kelvin for the 3d9 2D5/2–3d8(3F )4p 2Do5/2 fine-structure
transition (index 1–37): diamonds, present exchange calculation; squares,
present exchange+non-exchange+top-up calculation; circles, Bautista (2004).
(A color version of this figure is available in the online journal.)
Figure 3. Total collision strength for the 3d9 2D5/2–3d8(3F )4p 2Do3/2
fine-structure transition (index 1–39): solid line, present exchange; dashed
line, present exchange+non-exchange; dot-dashed line, present exchange+non-
exchange+top-up.
(A color version of this figure is available in the online journal.)
of augmenting the exchange calculation with the contributions
imputed to both the non-exchange and top-up approximations
is affirmed for other systems for which high temperatures hold
particular astrophysical interest.
The topped-up rates of Bautista (2004) consistently overesti-
mate the present predictions across all comparable temperatures.
Differences are at best a factor of two and at worst a factor of
four. In the absence of the associated collision strength data,
it is difficult to understand the nature of these discrepancies.
The effective collision strengths of Bautista (2004) were de-
rived at only 11 electron temperatures, the highest temperature
considered being 30,000 K (log Te(K) = 4.48). Consequently,
a comparison of behavior in the high-temperature region is not
possible.
In Figure 3, we present the collision strength as a function
of incident electron energy in Ryd for the transition from the
ground state to the same 3d84p 2Do multiplet discussed pre-
viously, namely, 3d9 2D5/2–3d8(3F )4p 2Do3/2 (index 1–39).
Contributions from the non-exchange calculation manifest at
Figure 4. Effective collision strength as a function of the logarithm of electron
temperature in Kelvin for the 3d9 2D5/2–3d8(3F )4p 2Do3/2 fine-structure
transition (index 1–39): diamonds, present exchange calculation; squares,
present exchange+non-exchange+top-up calculation; circles, Bautista (2004).
(A color version of this figure is available in the online journal.)
Figure 5. Total collision strength for the 3d9 2D5/2–3d8(1D)4p 2Do3/2
fine-structure transition (index 1–46): solid line, present exchange; dashed
line, present exchange+non-exchange; dot-dashed line, present exchange+non-
exchange+top-up.
(A color version of this figure is available in the online journal.)
approximately 0.85 Ryd. The combinative inclusion of ex-
change contributions up to L = 15 and the supplementary
non-exchange contributions as far as L = 50 satisfactorily de-
scribes the collision process up to roughly 3.8 Ryd. Beyond
this energy the top-up contributions materialize, increasing the
total collision strength by 4% at 7.5 Ryd and 10% at 10 Ryd.
The differences observed in the collision strength due to the
inclusion of the non-exchange and top-up contributions trans-
late into disparities in the affiliated thermally averaged effective
collision strength as displayed in Figure 4. The high partial
wave contributions have an appreciable effect at temperatures
above log Te(K) = 4.7, with differences of 62% recorded at the
highest temperature considered.
Analogous to the previous transition, the predicted rates of
Bautista (2004) lie consistently higher than the present topped-
up data set, with an average difference of a factor of two noted
at temperatures where a comparison can be made.
In Figures 5 and 6, we plot the collision strengths for the
allowed transitions from the ground state to the next 3d84p 2Do
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Figure 6. Total collision strength for the 3d9 2D5/2–3d8(1D)4p 2Do5/2
fine-structure transition (index 1–50): solid line, present exchange; dashed
line, present exchange+non-exchange; dot-dashed line, present exchange+non-
exchange+top-up.
(A color version of this figure is available in the online journal.)
multiplet; 3d9 2D5/2–3d8(1D)4p 2Do3/2 (index 1–46) and 3d9
2D5/2–3d8(1D)4p 2Do5/2 (index 1–50), respectively. Examina-
tion of these transitions uncovers consonant characteristics to
those observed in the previous considerations. Each exchange
calculation predicts a lower collision strength to those obtained
using the augmented data sets.
In Figure 5, non-exchange effects become valid at approxi-
mately 1.1 Ryd. The exchange plus non-exchange calculation
exhibits excellent accord with the concluding calculation which
incorporates the additional top-up contributions as far as an
electron-impact energy of roughly 4.6 Ryd. For the remain-
der of the energy range of interest, the top-up contributions
effectuate an increased collision strength which deviates from
the combined exchange plus non-exchange data set by just 3%
at 7.5 Ryd and 7% at 10 Ryd. Comparable fluctuations occur
for the allowed transition presented in Figure 6. The comple-
tion of the summation of partial collision strengths over high
values of L as performed using the top-up procedure has an ap-
parent influence on the collision strength in the non-resonance
region above all thresholds, most notably as we progress to
higher incident impact energies. Differences of 3% are noted
at 7.5 Ryd and 8% at the maximum electron-impact energy
of interest of 10 Ryd. The fundamental importance of includ-
ing the additional non-exchange and top-up contributions from
higher partial waves in the calculation is evident in Figures 7
and 8, where we plot the associated Maxwellian averaged effec-
tive collision strengths. The present rate profiles as computed
using the exchange-only and augmented approximations coin-
cide directly for the majority of temperatures. Deviations begin
to emerge in the high-temperature region, with differences of
50% and 68% observed, respectively, at the highest tempera-
ture considered. In Figure 7, the effective collision strengths
of Bautista (2004) exhibit equivalent trends to those formerly
noted and continue to overestimate the current predictions. The
rates presented in Figure 8 demonstrate the best agreement with
the present data set, with the worst discrepancies recorded at the
highest temperatures considered in the Bautista (2004) analy-
sis. The predictions of Bautista (2004) lie approximately 34%
lower than the present at the highest comparable temperature
and appear to be decreasing which is an uncharacteristic fea-
Figure 7. Effective collision strength as a function of the logarithm of electron
temperature in Kelvin for the 3d9 2D5/2–3d8(1D)4p 2Do3/2 fine-structure
transition (index 1–46): diamonds, present exchange calculation; squares,
present exchange+non-exchange+top-up calculation; circles, Bautista (2004).
(A color version of this figure is available in the online journal.)
Figure 8. Effective collision strength as a function of the logarithm of electron
temperature in Kelvin for the 3d9 2D5/2–3d8(1D)4p 2Do5/2 fine-structure
transition (index 1–50): diamonds, present exchange calculation; squares,
present exchange+non-exchange+top-up calculation; circles, Bautista (2004).
(A color version of this figure is available in the online journal.)
ture of allowed lines. This perhaps suggests that by including
all partial waves up to and including a total angular momen-
tum value of only L = 25 before allowing for top-up, Bautista
(2004) has failed to comprehensively account for contributions
from higher partial waves. We can thus surmise that impera-
tive in achieving convergence of the electron-impact excitation
collision strengths for the allowed transitions in Ni ii is the ex-
plicit inclusion of contributions from partial waves up to a total
angular momentum value of approximately L = 50 in the cal-
culation, before employing a top-up procedure.
The overall quality of the collisional data presented in
Figures 1, 3, 5, and 6 is necessarily of relevance, especially so in
the absence of priorly published theoretical determinations. It is
possible to critically assess the accuracy of the current data in the
medium- to high-energy region by ascertaining that our results
conform with the expected infinite-energy limits. In order to
perform such checks, we have employed the method introduced
by Burgess & Tully (1992). We utilize this “C-plot” method
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Figure 9. Reduced collision strengths for the 3d9 2D5/2–3d8(3F )4p 2Do3/2
(index 1–39, lower plot) and 3d9 2D5/2–3d8(3F )4p 2Do5/2 (index 1–37, upper
plot) transitions. The plots were obtained using a reduced-energy parameter
C = 2.
to condense the entire variation of a collision strength onto a
single plot. A reduced collision strength (Ωr ) is plotted against
reduced energy (Er), thereby mapping the complete range of
incident electron energies onto the interval (0, 1). The reduced
energy Er is calculated as
Er = 1 − ln C
ln
(
Ej
Eij
+ C
) , (1)
where C is an adjustable parameter permitting flexibility, Ej
is the incident electron energy following excitation, and Eij
is the transition energy for excitation from state i to state j.
The collision strength as a function of the reduced energy is
represented by
Ω(Er ) = Ω(Ej )
ln
(
Ej
Eij
+ e
) . (2)
We note that the reduced collision strength behaves asymptoti-
cally as
Ω(Er = 1) = 4ωifij
Eij
, (3)
where fij denotes the absorption oscillator strength. Equation (3)
is deemed the infinite-energy limit and will naturally vary
in accordance with the chosen oscillator strength. The true
behavior is assumed to be consistent with the experimentally
determined oscillator strength. A selection of the currently
available theoretical and experimental LSJ oscillator strengths
for the allowed transitions discussed are presented in Table 2. We
note that the present values constitute those calculated using the
wavefunctions of the current scattering model. It is evident that
discrepancies exist across the board for all transitions. Even the
f-values determined by experimental and observational means
exhibit disaccord. This makes it difficult to interpret the correct
infinite-energy limit point. The complete set of LSJ oscillator
strengths associated with the present target model is available
from the authors upon request.
In pursuance of examining the behavior of the collision
strengths in the high-energy region and thereby verifying the ac-
curacy of the collisional data associated with this work, Figure 9
Figure 10. Reduced collision strengths for the 3d9 2D5/2–3d8(1D)4p 2Do3/2
(index 1–46, lower plot) and 3d9 2D5/2–3d8(1D)4p 2Do5/2 (index 1–50, upper
plot) transitions. The plots were obtained using a reduced-energy parameter
C = 2.
presents the reduced collision strengths generated by the present
approximation including exchange, non-exchange, and top-up
contributions, for the two allowed transitions from the ground
state to the levels of the 3d8(3F )4p 2Do multiplet. We note that
the reduced collision strength has been extended to the infinite-
energy limit point at Er = 1. Attention is concentrated on the
aforesaid value derived using the present oscillator strengths
noted in Table 2. For completeness, we also include the infinite-
energy limit points computed using other currently available
LSJ oscillator strength data, both theoretical and experimental.
For the allowed transition 3d9 2D5/2–3d8(3F )4p 2Do3/2 (index
1–39) synonymous with the lower plot, the present predicted
infinite-energy limit point lies midway between the medley of
other theoretically and experimentally determined values. In
the upper plot, epitomizing the transition 3d9 2D5/2–3d8(3F )4p
2Do5/2 (index 1–37), the present result lies between the theoret-
ical prediction of Kurucz & Bell (1995) and the various other
experimental and theoretical considerations, with slightly better
concurrence with the latter results exhibited.
In Figure 10, we plot the reduced collision strengths as a
function of reduced energy for the two allowed transitions from
the ground state to the levels of the 3d8(1D)4p 2Do multiplet.
In the lower plot, representing the 3d9 2D5/2–3d8(1D)4p 2Do3/2
transition (index 1–46), the present infinite-energy limit point
demonstrates excellent agreement with those derived from the
experimental determinations of Fedchak et al. (2000) and the
observed values of Zsargo´ & Federman (1998). Considering
the transition 3d9 2D5/2–3d8(1D)4p 2Do5/2 (index 1–50) as
illustrated in the upper plot, the present results lie somewhat
higher than those based on experimental f-values.
The apparent deviations in the infinite-energy limit points
emphasizes the need for more accurate experimental and theo-
retical oscillator strength data to facilitate the precise identifica-
tion of the correct high-energy behavior. In the current analysis
however, the reasonable to excellent agreement demonstrated
between the present predictions and the infinite-energy limit
points derived using experimental f-values assigns credence to
the accuracy and quality of the collisional data computed in this
work.
In Table 3, we tabulate the effective collision strengths
computed in the present 295 jj -level approximation for all of the
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Table 2
Oscillator Strengths for Allowed Transitions between Fine-structure Levels of Ni ii
Transition Presenta KBb ZFc Fedchakd Fritzschee JTf
3d9 2D5/2 – 3d8(3F )4p 2Do5/2 0.0644 0.1035 0.0414 0.0427 0.0410 . . .
– 3d8(3F )4p 2Do3/2 0.0093 0.0122 . . . 0.0060 0.0050 . . .
– 3d8(1D)4p 2Do3/2 0.0064 0.0111 0.0060 0.0063 0.0047 . . .
– 3d8(1D)4p 2Do5/2 0.0500 0.0595 0.0276 0.0323 0.0177 0.0260
Notes.
a Present theoretical predictions.
b Theoretical predictions of Kurucz & Bell (1995).
c Observational determinations of Zsargo´ & Federman (1998).
d Experimental determinations of Fedchak et al. (2000).
e Experimental determinations of Fritzsche et al. (2000).
f Experimental determinations of Jenkins & Tripp (2006).
Table 3
Effective Collision Strengths for Fine-structure Allowed Transitions in Ni ii
Transition Te(K)
i–j 30 100 300 500 750 1000 1300 1500 1800 2000
2300 2500 5000 7500 10000 13000 15000 18000 20000 30000
40000 50000 60000 70000 80000 90000 100000 150000 175000 1000000
1–36 9.49−01 1.15+00 1.19+00 1.19+00 1.18+00 1.17+00 1.16+00 1.16+00 1.16+00 1.16+00
1.16+00 1.16+00 1.20+00 1.26+00 1.31+00 1.38+00 1.43+00 1.50+00 1.55+00 1.77+00
1.98+00 2.16+00 2.32+00 2.47+00 2.60+00 2.72+00 2.83+00 3.27+00 3.45+00 5.75+00
1–37 6.40−01 1.07+00 1.21+00 1.24+00 1.25+00 1.26+00 1.27+00 1.28+00 1.29+00 1.29+00
1.30+00 1.30+00 1.38+00 1.46+00 1.54+00 1.63+00 1.69+00 1.79+00 1.85+00 2.15+00
2.43+00 2.69+00 2.93+00 3.14+00 3.34+00 3.51+00 3.68+00 4.32+00 4.57+00 7.48+00
1–38 4.52−01 8.68−01 1.04+00 1.09+00 1.12+00 1.13+00 1.15+00 1.15+00 1.16+00 1.17+00
1.18+00 1.18+00 1.25+00 1.32+00 1.40+00 1.48+00 1.54+00 1.63+00 1.68+00 1.97+00
2.25+00 2.51+00 2.74+00 2.95+00 3.14+00 3.31+00 3.46+00 4.06+00 4.29+00 6.98+00
1–39 1.47−01 1.84−01 2.19−01 2.33−01 2.41−01 2.44−01 2.47−01 2.49−01 2.50−01 2.51−01
2.52−01 2.53−01 2.58−01 2.62−01 2.67−01 2.75−01 2.81−01 2.91−01 2.98−01 3.37−01
3.77−01 4.16−01 4.52−01 4.85−01 5.15−01 5.42−01 5.67−01 6.62−01 6.97−01 1.07+00
1–43 1.54−01 2.31−01 2.70−01 2.72−01 2.67−01 2.61−01 2.53−01 2.49−01 2.42−01 2.38−01
2.33−01 2.30−01 2.02−01 1.86−01 1.76−01 1.68−01 1.64−01 1.60−01 1.59−01 1.58−01
1.62−01 1.68−01 1.73−01 1.78−01 1.81−01 1.84−01 1.87−01 1.91−01 1.91−01 1.65−01
1–45 2.05−01 3.87−01 5.23−01 5.81−01 6.07−01 6.15−01 6.17−01 6.16−01 6.15−01 6.14−01
6.12−01 6.11−01 6.00−01 5.94−01 5.94−01 6.01−01 6.08−01 6.21−01 6.31−01 6.90−01
7.52−01 8.11−01 8.66−01 9.15−01 9.60−01 1.00+00 1.04+00 1.18+00 1.23+00 1.90+00
1–46 9.26−02 1.73−01 2.23−01 2.38−01 2.39−01 2.37−01 2.32−01 2.29−01 2.25−01 2.23−01
2.20−01 2.18−01 2.01−01 1.94−01 1.91−01 1.92−01 1.94−01 1.97−01 2.01−01 2.21−01
2.46−01 2.70−01 2.93−01 3.14−01 3.32−01 3.49−01 3.63−01 4.18−01 4.38−01 6.34−01
1–48 3.69−02 7.32−02 1.03−01 1.06−01 1.02−01 9.78−02 9.32−02 9.05−02 8.70−02 8.49−02
8.20−02 8.03−02 6.61−02 5.85−02 5.38−02 5.01−02 4.84−02 4.64−02 4.55−02 4.31−02
4.26−02 4.29−02 4.34−02 4.40−02 4.45−02 4.49−02 4.52−02 4.57−02 4.55−02 3.24−02
1–50 6.16−01 6.95−01 7.11−01 7.13−01 7.16−01 7.19−01 7.23−01 7.25−01 7.28−01 7.30−01
7.34−01 7.36−01 7.64−01 7.94−01 8.27−01 8.71−01 9.01−01 9.49−01 9.82−01 1.15+00
1.31+00 1.47+00 1.61+00 1.73+00 1.84+00 1.94+00 2.03+00 2.38+00 2.52+00 4.05+00
1–51 5.73−02 9.35−02 1.06−01 1.13−01 1.20−01 1.24−01 1.27−01 1.28−01 1.29−01 1.29−01
1.29−01 1.29−01 1.26−01 1.22−01 1.19−01 1.17−01 1.16−01 1.16−01 1.16−01 1.23−01
1.33−01 1.44−01 1.54−01 1.63−01 1.71−01 1.78−01 1.85−01 2.08−01 2.16−01 2.90−01
(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and
content.)
Ni ii allowed lines with which this study is associated, with full
account being taken of the exchange calculation incorporating
partial waves up to L = 15, the non-exchange calculation
incorporating contributions from higher partial waves up to
L = 50, plus the addition of contributions from yet higher
partial waves included via a top-up procedure. A total of 2436
individual transitions between the 3d9, 3d84s, and 3d74s2 even
parity levels and the 3d84p and 3d74s 4p odd parity levels
are tabulated at 30 electron temperatures ranging from 30 to
1,000,000 K. The transitions are labeled according to the index
values assigned to each level in Table 1. We note that Table 3 is
available in its entirety online only.
4. CONCLUSIONS
In this paper, we present the computation of converged total
collision strengths and effective collision strengths for the opti-
cally allowed transitions between fine-structure levels of Ni ii.
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The theoretical target model included the 3d9, 3d84s, 3d74s2,
3d84p, and 3d74s 4p basis configurations, giving rise to a so-
phisticated 295 jj -level, 1930 coupled channel scattering com-
plex. We believe this to be the most extensive and complete
collisional evaluation performed on this ion to date. Collision
strengths and effective collision strengths have been tabulated
for a total of 2436 allowed transitions between the 3d9, 3d84s,
and 3d74s2 even parity levels and the 3d84p and 3d74s 4p odd
parity levels. The astrophysically significant effective collision
strengths have been calculated over a large range of electron
temperatures ranging from 30 to 1,000,000 K. The convergence
of the allowed transitions, which are at the focus of this study,
has been thoroughly investigated. We found that intrinsic in
achieving convergence of the allowed lines was the combined
inclusion of contributions from the (N + 1) partial waves ex-
tending to a total angular momentum value of L = 50 and
further contributions from even higher partial waves accom-
plished by employing a top-up procedure. Comparisons with
the rates of Bautista (2004) affords a miscellany of results. The
rates of Bautista (2004) consistently overestimate the present
topped-up data set at all temperatures where a comparison is
possible for the majority of transitions considered. The paucity
of prior theoretical works on dipole allowed transitions among
fine-structure levels of Ni ii hinders a more comprehensive com-
parative evaluation. However, the caliber and precision of the
present collisional data at medium to high energies has been
verified by checking that our results are consistent with the ex-
pected infinite-energy limits. We note that the infinite-high en-
ergy limit points predicted using the present theoretical model
exhibit satisfactory to excellent accord with those derived from
other analyses.
A conclusive assessment of the accuracy of the presented
effective collision strengths proves difficult. The definitive test
will necessarily emanate from any subsequent astrophysical or
diagnostic applications. We, however, maintain the reliability
of the present data set and would accordingly recommend it
to astrophysicists for use in their ongoing application work.
The reliability of the data follows directly from the level of
sophistication of the current calculation, where great diligence
has been exercised in the inclusion of adequate correlation and
CI, in the accurate delineation of complex resonance effects and
in the proper consideration of contributions from the high partial
waves to the collision strengths of the allowed lines.
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